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ABSTRACT: A holistic approach to low-energy building design is essential to ensure that any efficiency 
improvement strategies provide a net energy benefit over the life of the building. Previous work by the 
authors has established a model for informing low-energy building design based on a comparison of 
the life cycle energy demand associated with a broad range of building assemblies. This model ranks 
assemblies based on their combined initial and recurrent embodied energy and operational energy 
demand. The current study applies this model to an actual residential building in order to demonstrate 
the application of the model for optimising a building’s life cycle energy performance. 
 
The aim of this study was to demonstrate how the availability of comparable energy performance 
information at the building design stage can be used to better optimise a building’s energy 
performance. The life cycle energy demand of the case study building, located in the temperate climate 
of Melbourne, Australia, was quantified using a comprehensive embodied energy assessment 
technique and TRNSYS thermal energy simulation software. The building was then modelled with 
variations to its external assemblies in an attempt to optimise its life cycle energy performance. The 
alternative assemblies chosen were those shown through the author’s previous modelling to result in 
the lowest life cycle energy demand for each building element. The best performing assemblies for 
each of the main external building elements were then combined into a best-case scenario to quantify 
the potential life cycle energy savings possible compared to the original building.  
 
The study showed that significant life cycle energy savings are possible through the modelling of 
individual building elements for the case study building. While these findings relate to a very specific 
case, this study demonstrates the application of a model for optimising building life cycle energy 
performance that may be applied more broadly during early-stage building design to optimise life cycle 
energy performance.  
 
Conference theme: Sustainability issues 
Keywords: residential buildings, life cycle energy, embodied energy, thermal simulation 
 
 
INTRODUCTION 
 
Buildings have a significant effect on the environment with much of this due to the energy demand associated with 
their construction and use. It is suggested that buildings are responsible for approximately 40% of global energy 
consumption (OECD 2003). An overwhelming majority of this energy comes from fossil-fuels, which are responsible 
for the majority of anthropogenic greenhouse gas (GHG) emissions, considered to be the main contributor to climate 
change. Very little has been done to change the direction of the industry, let alone attempt to reverse the damage 
already done. One of the reasons for this may be that data is not readily available to building designers, or that it is 
presented in such a way that is not easily interpreted.  
  
Architects, designers and other building professionals rarely have the time required to undertake a comprehensive 
assessment of environmental performance of all viable design alternatives, let alone to learn how to operate the 
software required for such an analysis or to interpret the results. Further to this, there is little comprehensive and 
reliable information available on the true environmental effects of building materials and components. A great deal of 
building energy research has been conducted, but it rarely incorporates the energy demand across the full life cycle. 
In instances where life cycle energy (LCE) demand has been considered, the data has been incomplete, at best, or 
inaccurate, using flawed methods of assessment. In order for building designers to make well informed environmental 
design decisions, detailed and reliable information is required. To ensure the optimisation of a building’s 
environmental performance, environmental assessment tools must be developed to facilitate early-stage, quick 
assessment during the design phase. The cost and time constraints associated with construction projects, dictates 
that these decisions need to be made relatively quickly and with little associated cost. 
 
It is primarily for this reason that a previous study conducted by the authors (Crawford et al. 2010) concentrated on 
the development of a streamlined tool, providing information to assist in low-energy building design at the earliest 
stages of design. A tool such as this would be invaluable to the construction industry in its pursuit of improved energy 
 45th Annual Conference of the Architectural Science Association, ANZAScA 2011, The University of Sydney 
efficient practices and designs, providing building designers with a streamlined approach for specifying building 
assemblies to maximise building life cycle energy performance. Integrating an innovative embodied energy 
assessment technique with thermal energy modelling, and calculating the life cycle energy requirements of a range of 
residential building assemblies commonly used in the Australian construction industry, was the basis of this 
comprehensive assessment model. It is envisaged that the ranking of these assemblies according to their relative life 
cycle energy performance will assist designers in choosing assemblies to minimise building life cycle energy demand.  
 
Further research conducted by Crawford et al. (2011) included a sensitivity analysis on the ranking system presented 
in the initial research to ensure its viability for comparing the energy performance of building assemblies. The ranking 
approach was assessed in light of the inherent variability between buildings, including variations in the floor area, 
orientation and plan shape of a building, to determine the applicability of this ranking system across a broad range of 
circumstances. 
 
The aim of the current study is to demonstrate how this approach may be applied to a residential building, at the 
design stage to optimise its life cycle energy performance. 
 
1. BACKGROUND  
 
Existing environmental assessment tools used to assess the energy demand associated with buildings are often 
limited in their ability to provide comprehensive, reliable and comparable environmental information across the full 
building life cycle. They often exclude particular life cycle stages (such as the operational energy or embodied 
energy), or are based on incomplete data or flawed assessment approaches. The embodied energy of a building can 
be as significant, if not greater, as the energy associated with the operation of a building over its life time (as 
identified by Treloar et al. 2000). This embodied energy (EE) is also becoming increasingly significant as building 
operational efficiencies improve. It is important that building design decisions are made based on a life cycle 
perspective, ensuring that strategies to reduce energy consumption from one life cycle stage, such as adding 
insulation to improve thermal performance and reduce operational energy, do not come at the expense of an 
increase in overall life cycle energy requirements (Crawford et al. 2010). Crawford et al. (2010) identified that there is 
limited consistent and comprehensive information available for building designers to make informed decisions for 
reducing the life cycle energy of buildings. 
 
The life cycle energy associated with buildings includes their initial embodied energy, the energy embodied in 
subsequent replacement and maintenance of components or materials (recurrent embodied energy), the operational 
energy required for heating, cooling, appliances, hot water, lighting and cooking, and the energy associated with the 
demolition and disposal of materials at the end of the building’s life. The choice of building materials can have a 
significant effect on the total energy demand associated with constructing and operating a building. Those materials 
that form the barrier between the interior space and external environment are particularly important for maintaining a 
comfortable internal temperature and a strong determinant of the quantity of energy that may be required to provide 
artificial heating and cooling. 
 
1.1. Previous studies 
Previous life cycle energy studies of individual houses (inter alia Adalberth 1997; Fay et al. 2000; Foster et al. 2000; 
Rolfsman 2002; Gonzalez and Navarro 2006) rarely demonstrate the use of a particular approach or method which 
could be employed in the early design stages to optimise energy performance. Most previous studies to have 
proposed methods for optimising life cycle energy performance of individual buildings have typically focused on either 
their embodied energy (for example, Lawson 1996; Venkatarama Reddy and Jagadish 2002; BRE 2008; Iyer-Raniga 
et al. 2008) or thermal performance (for example, Bouchlaghem 2000; Al-Sanea 2002; Thorsell and Bomberg 2008) 
but not both simultaneously. This is generally due to operational energy being traditionally measured after the 
building has been designed or even after it has been constructed as it is easier to simulate a building which is already 
realised and for which all necessary inputs are readily available. However, at this point it is often too late to make any 
alterations to the design to significantly reduce LCE demand. The most significant contribution can only be made 
during design development. Studies which have incorporated both embodied and operational energy requirements 
include those of Chen et al. (2001) and Pierquet and Bowyer (1998). However, within all of these studies, many gaps 
and the use of unreliable, potentially erroneous data are apparent (Crawford et al. 2010). 
 
The research which has come closest to providing data which can be employed by design professionals in the 
selection of building materials or assemblies to optimise building energy performance include that by Yao and 
Steemers (2005) and Utama and Gheewala (2009) as well as that conducted by Lawson (1996) and BRE (2008). 
However, the focus from an energy perspective is limited to initial embodied energy, excluding energy requirements 
associated with the replacement, operation and maintenance of assemblies (Crawford et al. 2010). The ATHENA® 
EcoCalculator for Assemblies (ATHENA 2007) provides environmental performance data for common building 
assemblies and includes both initial and recurrent embodied energy, but excludes operational energy. 
 
1.2. Embodied energy assessment  
Embodied energy (EE) is the energy associated with the manufacture of products and materials, including the energy 
used in the manufacture of goods and services used during this process. The recurrent embodied energy (REE) of 
buildings accounts for the additional requirements for building products used in maintenance and repairs over the life 
of the building.  
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A process analysis is the approach typically used to quantify the embodied energy figures in most existing tools and 
previous studies. This type of analysis relies on process data, collected from individual material manufacturers, which 
is known to result in an incomplete coverage of the total energy associated with any product or process. This can 
lead to embodied energy values that are up to 87% incomplete due to the representation of the product system by a 
finite boundary and the omission of contributions outside this boundary (Crawford 2008). This leads to various forms 
of truncation of the system boundary where inputs upstream, sideways and downstream of the main material inputs 
can be excluded (and thus the energy associated with these processes). An example of the typical truncation that 
occurs in a process analysis is shown for a building in Figure 1. 
 
 
 
                                                                      Source: (Crawford 2011) 
Figure 1: Upstream, downstream and sideways truncation errors in the building construction system 
boundary 
 
Hybrid analysis methods have been developed in an attempt to minimise the limitations and errors of traditional 
embodied energy assessment methods (Crawford et al. 2010). The input-output-based hybrid analysis approach 
developed by Treloar (1997) addresses many of these problems by starting with a disaggregated input-output model 
to which available process data is integrated. The input-output model is based on national average input-output data 
that models the financial flows between sectors of the economy to represent the flow of goods and services between 
them (Treloar et al. 2001). These financial flows can be converted to energy terms with the use of energy tariffs for 
embodied energy analysis. Using this data it is then possible to quantify the energy embodied in any product or 
service produced within the economy. The advantage of an input-output model is that it enables a systemically 
complete analysis of the energy requirements associated with any product system. However, as it is based on 
national average data, its use does limit the applicability and reliability of results for any specific product. A more in-
depth analysis of the implications of using a process analysis versus a hybrid analysis approach for embodied energy 
assessment is provided by Suh et al. (2004).  
 
One of the most significant issues with previous research is the focus on operational energy demand. The use of this 
more comprehensive embodied energy assessment approach has demonstrated the significance of the EE 
component of building life cycle energy demand. Thus, it is imperative that the energy consumed across the entire 
building life cycle is considered. 
 
The innovative approach developed in the previous work by Crawford et al. (2010), integrating the embodied and 
operational energy requirement of assemblies, involved the use of comprehensive data for materials and simulation 
models developed in TRNSYS to estimate the comparative life cycle energy requirements of various assemblies.  
The current study takes this initial research further, applying the knowledge gained to an analysis of an existing 
building, to determine the extent of energy savings possible through more informed building assembly selection. 
 
2. METHOD 
 
This section describes the approach used to calculate the LCE of the case study residential building and how the 
ranking system developed in the previous research can be used to optimise its LCE performance. Initial and recurrent 
EE as well as energy required for heating and cooling were calculated. 
 
2.1. Case study residential building   
An average sized detached single-storey house of typical construction (brick veneer, elevated timber floor, steel 
sheet roof) was used for the analysis (Fig. 2). The floor area of the house, located in Melbourne, Australia, is 247.6 
m2. Table 1 details the construction materials used within the house, hereafter referred to as the base-case house. 
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Source: (based on Metricon 2010) 
Figure 2: Floor plan of case study residential building 
 
Table 1: Description of the main external elements of the base-case house 
 
Element Assembly Description 
Roof 
 
Timber-framed 
steel sheet 
Corrugated steel sheet, 50x35 mm hardwood battens, 90x45 mm softwood trusses, 
R4.0 fibreglass insulation, 10 mm plasterboard, water-based paint 
External 
walls 
Timber-framed 
brick veneer 
Standard clay bricks (210x76x110 mm), 90x45 mm softwood framing, RFL, R2.0 
fibreglass insulation, 10 mm plasterboard, water-based paint 
Floor 
 
Elevated timber 
 
25 MPa concrete footings & piers, steel reinforcement, R2.0 fibreglass insulation, 
100x75 mm bearers & 100x50 mm joists (hardwood), 20 mm hardwood flooring  
 
2.2. Embodied energy  
The embodied energy associated with the initial construction (initial embodied energy) and the additional 
requirements for building materials used in maintenance and repairs (recurrent embodied energy) of the base-case 
house over an estimated life of 50 years, was calculated using the input-output-based hybrid approach, integrating 
available process data with national average input-output data. 
 
The base input-output data was taken from the Australian National Accounts (Australian Bureau of Statistics (ABS) 
2001) and combined with energy intensity factors by fuel type. The combination of these two sources comprises the 
input-output model. The model includes the value of capital purchased in previous-years, and capital imported from 
other countries, amortised over the capital items life, as described by Lenzen and Treloar (2004). Capital refers to the 
equipment and machinery used to make products. The input-output model was used as the basis for the embodied 
energy analysis of the base-case house. The best available process energy data was incorporated for specific 
material manufacturers as per the input-output-based hybrid approach (Treloar 2007) to form hybrid material energy 
coefficients for a range of common building materials. Process data was obtained from the latest available SimaPro 
Australian database (Life Cycle Strategies 2011). The use of input-output data here resolves any upstream truncation 
errors for these materials. The quantities of the materials used in the base-case house were multiplied by their 
respective energy coefficients and the sum of these results gave the total process-based hybrid embodied energy for 
the base-case house. These values were then substituted within the overall input-output model, to complete the 
system boundary, removing any instances of sideways or downstream truncation. To do this the total energy 
requirement value of the input-output pathways for which physical quantity data was obtained, was deducted from the 
total energy requirement of the ‘residential construction’ sector to give the ‘remainder’. The remainder corrects for 
sideways and downstream truncation errors (Fig. 1). 
 
Recurrent embodied energy was calculated by assigning replacement rates to materials used in the initial 
construction. Little data currently exists for the anticipated life of building materials in Australia. Maintenance and 
replacement periods for materials were estimated with consideration of the likely exposure to deteriorating effects for 
each material. The estimated useful life or replacement period for the materials used in the base-case house can be 
found in Crawford et al. (2010). It is acknowledged that the embodied energy values associated with the replacement 
of materials over the life of the building will change over time due to factors such as changes in manufacturing 
procedures. However, for the purpose of this study it was assumed that the REE figures would remain constant. 
 
The life cycle embodied energy of the base-case house was calculated using Equation 1. 
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Where LCEEh = the life cycle embodied energy of the base-case house; ULh = useful life of the base-case house; 
EEm = embodied energy of material, m; ULm = useful life or replacement period of material, m; TERrc = total energy 
requirement of the residential construction sector, in GJ per $1,000; TERm = total energy requirement of the input-
output pathways for which process data was obtained, in GJ per$1,000; $h = total cost of the house. 
 
2.3. Heating and cooling energy demand 
TRNSYS thermal simulation software was used to determine the relative heating and cooling energy requirements for 
the base-case house. Assumptions were made regarding the times of day the building was occupied. For the 
purpose of this study it was assumed that heating and cooling were turned on between 8am and 9pm when 
temperatures fell below 18ºC or above 24ºC, respectively. 
 
The initial TRNSYS parameters included initial zone temperature (20°C), initial humidity (50%) and temperature band 
(18-24°C). Ventilation, heat gains from people, computers and artificial lighting were excluded. Hourly solar radiation, 
dry bulb temperature, relative humidity and Melbourne climatic data were used to determine the heat loss/gain 
through the external envelope of the base-case house and therefore the energy required annually to maintain the 
internal temperature between 18 and 24ºC. A TMY file was used to indicate average Melbourne climatic data and a 
simulation was run in TRNSYS to represent the heating and cooling demands for the house for one year. This was 
then used to predict the energy demand that would be required over the assumed 50 year life of the house. The 
delivered energy figure obtained was converted to primary energy terms to account for the impacts associated with its 
production and to enable a comparison with the embodied energy values. A factor of 1.4 was used, based on 
heating, fueled by natural gas, representing at least 97% of the total heating and cooling energy demand. The 
heating and cooling outputs obtained were then verified against energy bills for the base-case house. 
 
Energy required for hot water, lighting, appliances and cooking were not included as the characteristics of the 
external envelope of the building do not affect this energy demand. Also, the energy associated with the end-of-life 
demolition and disposal of materials was not included. Crowther (1999) has shown that the energy associated with 
this stage of a building’s life typically represents less than 1% of the building’s life cycle energy requirement. 
 
2.4. Optimising the life cycle energy performance of the base-case house 
The previous study, ranking different building assemblies by their LCE demand, indicates that LCE performance of 
the house may be improved by replacing the elevated timber floor with a concrete slab on ground, brick veneer walls 
with rammed earth and the steel sheet roofing with concrete tiles (Crawford et al. 2010). The base-case house was 
altered one element at a time and its LCE re-calculated to determine the potential energy savings possible due to 
each alternative assembly and further validate the ranking system. The alternative scenarios modelled are shown in 
Table 2. Details of the building materials of the alternative assemblies are shown in Table 3. A best-case scenario 
was then proposed based on the best performing assembly type for each element to quantify the total LCE savings 
possible compared to the base-case house.  
 
Table 2: Description of alternative house scenarios 
 
Scenario Floor External wall Roof 
Base-case Elevated timber Timber-framed brick veneer Timber-framed steel sheet  
Floor alternative Concrete slab on ground  Timber-framed brick veneer Timber-framed steel sheet  
Wall alternative  Elevated timber  Rammed earth Timber-framed steel sheet  
Roof alternative  Elevated timber  Timber-framed brick veneer Timber-framed concrete tile 
Best-case Concrete slab on ground  Rammed earth Timber-framed concrete tile 
Note: Assemblies in bold are those that have changed from the base-case house 
 
 
Table 3: Description of modelled assemblies for alternative house scenarios 
 
Element Assembly Description 
Roof 
 
Timber-framed 
concrete tile 
20 mm concrete roof tiles, 50x35 mm hardwood battens, 90x45 mm softwood 
trusses, R4.0 fiberglass insulation, 10 mm plasterboard, water-based paint 
External 
walls 
Rammed earth 
 
300 mm rammed earth wall, 4 mm cement render (external) 
 
Floor 
 
Concrete slab on 
ground 
Water-proof membrane, expanded polystyrene waffle-pods, steel reinforcement, 
110 mm 25 MPa concrete 
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3. RESULTS AND DISCUSSION 
 
This section presents the results of the LCE assessment of the base-case house, as well as each of the alternative 
house scenarios and finally the best-case house, combining the best performing floor, wall and roof assembly. 
 
3.1. Life cycle energy of base-case house 
Figure 3 shows the breakdown of the life cycle energy for the base-case house for a period of 50 years, in primary 
energy terms. The total estimated energy requirement for initial construction, heating and cooling and maintenance 
and replacement of materials is 9,395 GJ. The initial embodied energy represents 40% of the total life cycle energy 
demand, only slightly below the total heating and cooling energy demand. Recurrent EE represents approximately 
50% of initial EE and 19% of life cycle energy. 
1,824
19%
3,762
40%
3,809
41%
Initial EE
Heating and cooling energy
Recurrent EE
 
Figure 3: Life cycle energy of base-case house (GJ) 
 
Energy bills for the house indicate that approximately 47 GJ of delivered energy is required for heating and cooling 
per annum, compared to the figure of 54 GJ calculated using the TRNSYS software. This indicates that the use of 
TRNSYS software to simulate heating and cooling energy provides a fairly reliable indication of this energy demand, 
especially considering the highly energy efficient heating and cooling systems installed in the house. 
 
3.2. Optimising the life cycle energy performance of the base-case house 
The main external elements of the base-case house (floor, walls and roof) were altered one at a time and the life 
cycle energy requirement of the resultant alternative house scenarios (as per Table 2) calculated. Alternative 
assemblies were selected based on the previous research by Crawford et al. (2010) which ranked a range of typical 
construction assemblies based on their life cycle energy demand. Figure 4 shows the life cycle energy demand of 
each assessed scenario, in primary energy terms.  
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Figure 4: Life cycle energy comparison of house scenarios 
 
The floor alternative scenario (concrete slab on ground) results in only a 0.2% reduction in life cycle energy demand 
over 50 years when compared to the base-case house, mainly due to the reduction in heating and cooling energy 
demand and recurrent EE being almost entirely offset by an increase in initial EE. The wall alternative scenario 
(rammed earth) results in a 10% reduction in life cycle energy demand over 50 years and the roof alternative scenario 
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(concrete tile) an 8% reduction in life cycle energy demand over 50 years when compared to the base-case house. 
For each of the alternative scenarios, initial EE represents between 40 and 44% of total LCE. 
The life cycle energy demand of the best-case house scenario was modelled based on the three assemblies that 
individually resulting in the lowest life cycle energy demand for the house. Figure 5 shows the total life cycle energy 
demand of the best-case house is 6,536 GJ. This represents a 30% saving compared to the base-case house. 
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Heating and cooling energy
Recurrent EE
 
Figure 5: Life cycle energy of best-case house (GJ) 
 
Due to the combination of rammed earth walls and a concrete slab floor, energy demand for heating and cooling the 
best-case house is 62% less than for the base-case house. Initial EE represents 55% of the life cycle energy for the 
best-case house compared to 40% for the base-case house. Although the main focus on reducing building energy 
demand has traditionally been on the energy used during building operation, the findings from this study highlight the 
importance of including initial and recurrent EE when attempting to improve building energy performance. 
 
This study also demonstrates the benefits of the availability of energy performance information of building assemblies 
at the earliest stages of design. The findings further validate the ranking model developed, showing that the use of 
higher ranked assemblies resulted in a reduction in the life cycle energy demand of the base-case house. 
 
CONCLUSION 
 
The aim of this study was to demonstrate how the availability of comparable energy performance information for 
individual construction assemblies can be used to better optimise a building’s energy performance at the building 
design stage. The LCE demand of a case study residential building was quantified using a comprehensive embodied 
energy assessment technique and TRNSYS thermal energy simulation software. The building was then modelled 
with variations to its external assemblies and materials, systematically changing one assembly at a time in an attempt 
to optimise the life cycle energy performance of the house.  
 
The study showed that the ability to select individual building assemblies to minimise life cycle energy can result in 
significant energy savings - up to 30% for the house analysed. The study has also shown that the EE requirement 
across the life of a house may be greater than the energy required for heating and cooling. This demonstrates that in 
any attempt to improve building energy performance, quantifying life cycle energy demand is of vital importance. The 
approach used in this paper for optimising building energy performance provides a streamlined, low-cost and quick 
approach for building designers to select building assemblies that minimise building life cycle energy demand.   
 
Further research 
Ultimately, the findings from this study will be used to further develop a design tool for use by architects and building 
designers. Design and construction professionals will be able to increase the life cycle energy performance of 
buildings by selecting assemblies that result in the lowest life cycle energy demand, based on their comparative 
ranking. This information will be available prior to having a design solution resolved, rather than assessing a design 
only after key environmental decisions have been made, as many environmental assessment tools currently do. It is 
envisaged that this will ultimately lead to a reduction in energy consumption and greenhouse gas emissions from the 
construction sector. 
 
Building operational energy requirements vary considerably depending on the specific characteristics of the external 
building envelope and the building location, due mainly to climatic differences, internal loads, conditioning 
requirement, operating hours and the typical fuel mix to supply energy for heating and cooling, specific to each 
geographic region or country. Embodied energy requirements may also vary considerably depending on the source 
of materials, replacement and maintenance periods and building life. The next stage of this research will involve 
modelling a broader range of assemblies across a variety of different climatic regions. 
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